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Abstract

Investigating the relationship between ground motion intensity measures (IMs) and struc-
tural responses is fundamental to seismic hazard assessment and performance-based
structural design. However, most existing studies are based on the fixed-base assumption,
where foundation flexibility is neglected, limiting the understanding of the effects of Soil-
Structure Interaction (SSI) on IM-engineering demand parameters (EDPs) correlations.
This study systematically evaluates the correlations between various IMs and EDPs while
explicitly accounting for SSI effects, with particular emphasis on the influence of ground
motion type (near-fault and far-field records). The results indicate that SSI modifies the
correlations between IMs and structural responses, although its influence varies among
different categories of IMs. For acceleration-based IMs, SSI has a limited impact on their
relative effectiveness, preserving their ranking despite moderate changes in correlation
coefficients. Velocity-based IMs consistently exhibit the strongest correlations with struc-
tural responses; however, their relative performance is strongly dependent on the charac-
teristics of the input ground motions. In contrast, displacement-based IMs demonstrate
substantial sensitivity to both soil conditions and ground motion characteristics, resulting
in pronounced variability in their predictive capability across different seismic scenarios.
These findings highlight the important influence of SSI in IM-EDP correlation analysis
and emphasize the necessity of incorporating foundation flexibility when selecting candi-
date IMs for seismic performance assessment. The results are expected to improve the
understanding of IM—response correlations in SSI systems and may help inform the pre-
liminary screening of candidate IMs for performance-based earthquake engineering ap-
plications

Keywords: soil-structure interaction; seismic intensity measures; correlation analysis;
ground motion selection; seismic response

1. Introduction

In earthquake engineering, rigorous assessment of structural seismic performance is
of critical importance. The seismic response of a structure is influenced not only by its
inherent dynamic characteristics but also by the characteristics of the input ground mo-
tion. Conventional dynamic time-history analysis, which simulates structural responses
by solving equations of motion, is computationally intensive and provides limited insight
into generalized response trends. Therefore, investigating statistical correlations between
key IMs, such as peak acceleration, velocity, and spectral characteristics, and structural
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demand parameters, such as maximum displacement and inter-story drift ratio, has
emerged as an effective approach. This methodology shifts the focus from tracking com-
plete response histories to establishing statistical predictive relationships, thereby sub-
stantially streamlining performance-based earthquake engineering (PBEE) frameworks.

To this end, numerous researchers have proposed and evaluated advanced IMs to
better characterize seismic damage potential. For instance, building upon the pseudo-ac-
celeration spectrum shape parameter Np, Bojorquez et al. [1] proposed a novel seismic
intensity measure (IB), which effectively accounts for structural nonlinearity and higher-
mode effects in steel frames. Similarly, Chen et al. [2] developed an energy-frequency-
based IM derived from the Hilbert-Huang Transform (HHT), demonstrating a strong pe-
riod-independent linear correlation with structural responses. Other studies have focused
on specific structural systems. Hui et al. [3] established that the PGV/PGA ratio serves as
an effective predictor of pile foundation responses in liquefied soils, while Kamal et al. [4]
and Chen et al. [5] demonstrated that velocity-related parameters generally outperform
acceleration- and displacement-based parameters in predicting the responses of under-
ground tunnels and multi-story buildings, respectively. Furthermore, comprehensive
analyses conducted by Chebihi [6] and Li [7] highlighted that the optimal IM is inherently
dependent on both the selected engineering demand parameter (e.g., base shear versus
drift) and the structural configuration. The application of IM correlation analysis has also
significantly advanced the development of structural fragility curves and collapse assess-
ment. Studies by Seyedi et al. [8] and Singh et al. [9] demonstrated that employing multi-
ple IMs, or vector-based IMs that simultaneously capture structural and ground motion
characteristics, can substantially reduce dispersion in fragility surfaces. For highly non-
linear limit states such as structural collapse, Shi et al. [10] identified the mean period
(T_m), significant duration (D_s), and PGA as the most effective predictors of seismic re-
sponses of base-isolated structures. Advanced predictive models, such as the multivariate
regression formulations by Durucan et al. [11] and the artificial neural network (ANN)
frameworks developed by Wani et al. [12], have further improved the efficiency and suf-
ficiency of IMs for specific structural typologies.

Specialized seismic scenarios, particularly near-fault ground motions, require careful
selection of IMs due to their distinct energy characteristics. Researchers such as Mollaioli
et al. [13] and Yang et al. [14] have extensively explored the predictive capabilities of var-
ious IMs under near-fault ground motions with and without velocity pulses. Their find-
ings consistently highlight the importance of velocity- and displacement-related parame-
ters, such as improved effective peak velocity (IEPV), in predicting the responses of me-
dium- to long-period structures. Furthermore, Wei et al. [15] and Wang et al. [16] demon-
strated that pulse-like ground motions exert significant influences on the seismic behavior
of complex coupled systems, including high-speed railway bridges, indicating that opti-
mal IMs selection should account for the frequency characteristics of the seismic hazard.
Beyond structural engineering applications, IM—response correlation analyses have also
been widely applied in geotechnical engineering, contributing to levee performance as-
sessment [17], seismic slope stability [18], and rapid regional macroseismic intensity pre-
diction [19]. In addition, robust IM-response correlation relationships provide an im-
portant benchmark for validating artificial ground motion generation methods, ensuring
that simulated records possess damage potential comparable to that of natural earthquake
records [20,21].

Despite these significant advancements, an important limitation remains in the exist-
ing literature: the vast majority of IM correlation studies are conducted under the fixed-
base assumption. Recent investigations have shown that SSI can significantly influence
key seismic demand parameters, such as inter-story drift ratio and base shear, in soil-
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foundation-structure systems, indicating that fixed-base models may not adequately cap-
ture the actual seismic behavior of structures founded on deformable soils [22]. In practice,
seismic excitation induces complex interactions between the soil medium, foundation,
and superstructure. Soil nonlinearity, foundation flexibility, and degradation of dynamic
stiffness [23] can modify both the characteristics of the transmitted ground motion and the
dynamic properties of the structural system [24], resulting in phenomena such as period
elongation and increased damping. Recent studies on structural health monitoring and
operational modal identification further indicate that modal parameters, such as natural
frequencies and damping ratios, can be affected by environmental conditions, operational
states, and boundary uncertainties. For example, stochastic subspace identification and
ambient vibration-based techniques have been used to track variations in dynamic pa-
rameters from measured structural responses, while temperature changes and support-
condition fluctuations may alter the identified fundamental frequencies of benchmark
structures. In addition, high-fidelity finite element models can provide detailed represen-
tations of local stress states, boundary conditions, and material nonlinearities under earth-
quake excitation [25]. These studies provide useful methodological context for the present
work, although this study adopts a macro-scale Bouc-Wen hysteretic model and a
lumped-parameter SSI model to efficiently conduct correlation analyses over a large suite
of ground motion records and soil conditions. Moreover, the soil medium acts as a dy-
namic filter, altering the frequency content of seismic waves and introducing additional
translational and rotational foundation motions. These effects can substantially influence
the seismic response of structures, particularly for high-rise buildings, long-span bridges,
and structures founded on soft soils. Consequently, neglecting SSI effects may lead to bi-
ased estimations of structural demand and limit the applicability of IM-response correla-
tion relationships established using fixed-base models. Although considerable efforts
have been devoted to identifying optimal IMs for different structural systems and seismic
scenarios, the influence of SSI on IM-response correlation remains insufficiently under-
stood. This knowledge gap motivates the need for a systematic investigation of IM-re-
sponse correlations considering SSI effects.

Therefore, this study aims to systematically investigate the correlation between IMs
and structural responses while explicitly accounting for SSI effects. By developing a cou-
pled lumped-parameter soil-structure system model, the study seeks to clarify how SSI
influences the relationships between key IMs and structural demand parameters, with
particular emphasis on the differences between far-field and near-fault ground motions.
The results are expected to improve the understanding of IM-response correlations in SSI
systems and contribute to more realistic assessments of seismic structural performance.
Furthermore, the findings may be expected to improve the understanding of IM—response
correlations in SSI systems and to inform the preliminary selection of candidate IMs for
performance-based earthquake engineering applications.

2. Methodology

This section describes the numerical analysis framework developed to investigate the
correlations between IMs and EDP while explicitly accounting for SSI effects. The frame-
work consists of two main components: (i) the development of a coupled soil-foundation—
structure numerical model, and (ii) the selection of a comprehensive suite of seismic IMs
for subsequent statistical analyses.

2.1. Research Significance

Quantifying these correlations is of fundamental importance for two primary reasons.
First, it enhances predictive capability by enabling the estimation of structural response
characteristics from selected IMs. From a methodological perspective, this process can be
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regarded as a form of feature preselection, whereby informative relationships between
input ground motion characteristics and structural responses are identified prior to pre-
dictive modeling. Second, it facilitates the selection of representative ground motions
from large databases that satisfy predefined structural performance objectives, thereby
providing a rational basis for performance-based seismic design. Figure 1 schematically
illustrates the significance of this correlation analysis.
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Figure 1. Schematic representation of the correlation between ground motion parameters and struc-

tural responses.

2.2. Coupled Soil-Structure System Modeling

To efficiently and accurately simulate the dynamic interaction between the super-
structure and the underlying soil, this study adopts a lumped-parameter approach for SSI.
The method represents the flexibility and energy dissipation of the soil half-space by an
equivalent system comprising springs, dashpots, and a lumped mass attached to the struc-
tural foundation. This approach achieves a reasonable balance between computational ef-
ficiency and physical fidelity, making it highly suitable for parametric studies.

2.2.1. Superstructure Model

The superstructure is idealized as an n-degree-of-freedom (MDOF) planar shear-
beam model. Its dynamic properties are defined by a lumped mass matrix, a lateral stiff-
ness matrix, and a Rayleigh damping matrix, as depicted in the schematic diagram of the
fixed-base computational model (Figure 2).

To account for structural nonlinearity, the inter-story restoring force is modeled us-
ing the generalized Bouc-Wen model [26]. The restoring force is expressed as a combina-
tion of linear elastic and hysteretic components, formulated as a function of the inter-story
relative displacement u and a hysteretic displacement variable z:

fi(u,z) = aku + (1 — a)kz (1)

The global equation of motion for the MDOF structure subjected to seismic excitation
can be written as:

Mi + Cx + Kox + Kyz = —MI3, @)
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where M and C denote the mass and damping matrices of the superstructure, respec-
tively. x is the displacement vector relative to the base. I is the influence vector, and %,
is the input ground acceleration. The elastic stiffness matrix K, and the hysteretic stiff-
ness matrix K}, are assembled as follows:

ajky  —azk, 0
azk,  —asks
K, = s €)
an—lkn—l _ankn
0 anky
[(1 —apks —(A—ayk, 0 |
A —adk, —(1—asz)ks;
K, = 4
(1 - an—l)kn—l _(1 - an)kn
0 (1 - an)kn

) m,.,
kyv.1 N

my;

k;

—

Figure 2. Schematic of the fixed-base structural model.

The evolution of the hysteretic variable z is governed by the following nonlinear dif-
ferential equations:
ApyU — U(ﬁBW|U| |Z|"Bw=1Z + VBwulzlnBW)

Z=h(2) 7 ©)
v=148,,,¢ 6)
n=1+36,,,¢ 7)
=| zUd 8
e(t) fo t (8)

. 2
h(Z) =1—¢&exp [— ngn(U) ~ dswlu )

P

§1(8) = &gy, (1 — e7PBWE) (10)
§2(8) = (Ysw + Sy &) Apw + () (1)
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Agw 1/npw
_ 12
Zu (U(,BBW + VBW)) (12

2.2.2. Soil-Structure Interaction Modeling

For the structural system incorporating SSI effects, the translational displacement xo
and rocking rotation 6o of the foundation are introduced as additional degrees of freedom
(DOFs) in addition to those of the superstructure [26,27]. Figure 3 illustrates the structural
model incorporating SSI effects. Accordingly, the global mass [M], damping [C], and stiff-
ness [K] matrices of the interactive system are augmented as follows:

21 kn~l m,.; I’l-l Cp-1

Figure 3. Schematic of the structural model considering SSI effects.

[M/] (M,] [MH]

[M] = (M, ]7 mo + (Zilmi) (Zilmi hi) (13)
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[Mv] = [mlﬁmZ' My, mN]T (14)
[MH] = [myhy, myhy, -+, my_1hy_4, mNhN]T (15)
[c;] o o0
[C]=[0..0 ¢ © (16)
0..0 0 ¢,
(C1+C2) _Cz 0
0
Co (c;+¢c3) —c3
] = ; (17)
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(ky + k) —k, 0 0

—k, (ky +k3) —ks3

[K7] = : : (19)

0 kN—l + kN _kN
_kN kN
my
m;
m]\'/—1
[m*] = i (20)

mat (3, m)
() |

{x(©)} = [x1, %2, Xy_1, Xy, X0, 61" (21)

In this study, to isolate the influence of foundation flexibility, nonlinear behavior is

confined to the superstructure and modeled using the Bouc-Wen model. The soil medium
and the foundation are assumed to remain linearly elastic throughout seismic excitation.
It should be noted that the adopted lumped-parameter SSI model does not explicitly ac-
count for nonlinear soil behavior, such as strain-dependent stiffness degradation, damp-
ing increase, plastic deformation, and foundation-related nonlinearities. This simplifica-
tion is adopted to maintain a consistent and computationally efficient framework for in-
vestigating the influence of foundation flexibility on IM-EDP correlation patterns over a
large suite of ground motion records. Under strong ground motions, particularly near-
fault records and soft-soil conditions, nonlinear soil behavior may further modify the ef-
fective stiffness and damping of the soil-foundation system and consequently influence
the predicted structural responses and IM-EDP correlations. Therefore, the results of this
study should be interpreted as correlation trends for linear-elastic lumped-parameter SSI
systems. Future studies may incorporate equivalent-linear or fully nonlinear soil models
to further examine the influence of soil nonlinearity.

2.3. Ground Motion Intensity Measures (IMs)

To systematically evaluate the correlations between various IMs and structural re-
sponses, a comprehensive set of seismic IMs was selected based on a review of the existing
literature. These IMs are broadly categorized into acceleration-based, velocity-based, and
displacement-based groups. Their definitions and corresponding mathematical expres-
sions are summarized in Table 1.

Table 1. Definitions of the selected ground motion intensity measures.

Acceleration Type Velocity Type Displacement Type
PGA max |ug (t)| PGV max |u'g (t)| PGD max |ug (t)|

Ty Tr Ts
Usq J; [ug (t)]z dt Vsq J; [lig (t)]z dt dsq J; [ug (t)]z dt

Tf 2 Tf 2 Tf 2
Qs j [, O] dt Vs f [y (O] dt dys f [ug (O] dt
0 0 0
tgs — is tgs — ts tgs — L5
Arms \/Fa Vrms \/Fv drms \/P_d
Iy PGA-T}® I PGV2/3.T}? Iy PGD-T}/?
I, als, - TYS Ir PGV - T9?5
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3. Numerical Modeling and Result Analysis

This section presents a numerical case study that investigates the correlations be-
tween IMs and the maximum inter-story drift ratio (MIDR) of a structure, while explicitly
accounting for SSI effects. To capture potential differences in correlation patterns, the anal-
ysis explicitly evaluates the influence of ground motion types, distinguishing between
near-fault and far-field records.

All nonlinear dynamic analyses were conducted using an in-house Python code (ver-
sion 3.11.7). The coupled equations of motion of the fixed-base and SSI systems were
solved using the classical fourth-order Runge-Kutta method with a fixed integration time
step of 0.02 s. The selected records were processed using a consistent time-step format
before response of history analysis. The maximum inter-story drift ratio was extracted
from the computed displacement response histories for each ground motion record.

To ensure consistency in the statistical analysis, all IMs and MIDR values were ex-
tracted using a unified post-processing procedure, and the record identifiers, model cases,
units, and response quantities were checked before calculating the Pearson correlation
coefficients. MIDR is defined as the maximum absolute inter-story drift ratio over all sto-
ries and over the entire duration of each ground motion record. Specifically, MIDR is cal-
culated as:

4;(t)

4

MIDR = max

it

(22)

where hi is the story height and 4;(t) is the relative horizontal displacement between
two adjacent floors 4;(t) = u;(t) —u;_1(t). For the fixed-base model, the relative dis-
placement for the first story is equal to the absolute horizontal displacement of the first
floor (since the base displacement is zero), and for the other stories, it is equal to the rela-
tive displacement between the current floor and the one immediately below it. For the SSI
model, the foundation translation and rocking are introduced as additional degrees of
freedom. Since the rigid foundation translation is common to all floors, it cancels out in
the inter-story relative displacement, while the contribution of foundation rocking is in-
cluded as h;60,(t). Therefore, the inter-story displacement in the SSI model is calculated
as 4;(t) = u;(t) —u;_1(t) + h;6,(t). MIDR is then obtained as max |A’h—(f)|

The correlations between IMs and MIDR are quantified using the Pearson correlation
coefficient, as defined in Equation (23).

Cov(X,¥) _ EI(X — ) (Y — 1y)]
Ox 0y B Ox Oy

Pxy =

(23)

where pyy is the Pearson correlation coefficient between X and Y; Cov(X,Y) denotes the
covariance between X and Y; uy and py are the mean values of X and Y; and E[:] rep-
resents the expectation operator;

The coefficient pyy takes values in the range [-1, 1], where values close to 1 or -1
indicate strong linear correlation, and values near 0 indicate weak or no linear correlation.

3.1. Description of Prototype Structure

The prototype structure is a 40-story building, with a first-story height of 3.6 m and
a typical height of 3.0 m for all upper stories. The lateral story stiffness decreases gradually
from 21.3 x 108 N/m at the base to 9.8 x 108 N/m at the top, while the mass of each story is
constant at 9.8 x 10° kg. The mass moment of inertia of each story is 1.31 x 108 kg-m?2. The
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foundation is modeled with a radius of 20 m, a mass of 1.96 x 10¢ kg, and a mass moment
of inertia of 1.96 x 108 kg-m?. Rayleigh damping is adopted for the structural model. The
parameters of the generalized Bouc—-Wen model are detailed in Table 2 [26,28]. To evaluate
the impact of SSI, the correlation between IMs and structural responses is investigated
under various foundation soil conditions. The equivalent lumped spring and dashpot pa-
rameters for the respective soil categories are summarized in Table 3 [27].

Table 2. Parameters of the generalized Bouc-Wen model.

Apw Apw Npw  Baw YBw 5uBW 5ngw Pew qdsw Ypw Sngw Apw fsgw
Value 0.44 1 320 150 2000 2000 1000 0.25 0.05 5 0.5 0.99
Table 3. Equivalent dynamic parameters for various soil conditions.

Soil Tvpe Translational Stiffness  Rotational Stiffness = Translational Damping  Rotational Damping
yp k, (N/m) k, (N-m) ¢, (N-s/m) ¢, (N-s'm)
Soft 1.91 x 10° 7.53 x 101 2.19 x 108 2.26 x 1010
Neutral 1.80 x 1010 7.02 x 1012 6.90 x 108 7.02 x 1010
Dense 5.75 x 1010 1.91 x 1013 1.32 x 10° 1.15 x 101

Response Spectrum

3.2. Selection of Ground Motion Records

Following the recommendations of FEMA P695 and the ATC-63 report [29], this
study selects a ground motion suite consisting of 41 far-field (FF) and 55 near-fault (NF)
records for nonlinear dynamic analysis. The selection criteria include a moment magni-
tude M > 6.5, Joyner-Boore distances Rjs > 10 (FF) and Rz < 10 km (NF), and NEHRP site
classes C and D. No amplitude scaling was applied to the selected ground motion records.
All nonlinear dynamic analyses were performed using the as-recorded acceleration time
histories. This treatment was adopted because the objective of this study is to investigate
the record-to-record correlation between ground motion intensity measures and engineer-
ing demand parameters, rather than to assess structural responses at a prescribed hazard
level. Using unscaled records preserves the natural variability of earthquake intensity,
frequency content, duration, and near-fault/far-field characteristics, which is essential for
evaluating the statistical relationship between IMs and EDPs. Therefore, the response
spectra shown in Figure 4 correspond to the original unscaled ground motion records.
Figure 4 presents the acceleration response spectra of the selected ground motion records.

Response Spectrum

T TG

Figure 4. Acceleration response spectra of different types of ground motion sets.
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3.3. Correlation Analysis Between MIDR and IMs

3.3.1. Acceleration-Based Intensity Measures

Figure 5 presents scatter plots of acceleration-based IMs against MIDR for the four

structural models under far-field ground motions. The Pearson correlation coefficient, R,
is shown in each subplot. Under far-field motions, the ranking of correlations between
acceleration-based IMs and MIDR remains consistent across all models as: Ia, ars, asy(ls),
PGA, I, ams, and P.. This indicates that SSI has negligible influence on the relative ranking
of acceleration-based IM effectiveness, although it modifies the structural response ampli-
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Figure 5. Scatter plots of acceleration-based IMs against MIDR under far-field ground motions.
However, the absolute correlations remain generally low. This is primarily attributed
to the long-period characteristics of the studied high-rise structure (fixed-base period =
3.83 s), which becomes more pronounced under SSI-induced period elongation. In this
range, structural response is dominated by velocity and displacement components rather
than acceleration, leading to weak correlation with acceleration-based IMs such as PGA.
Figure 6 presents scatter plots of acceleration-based IMs against MIDR under near-
fault ground motions. The correlation ranking shifts to: ar, as(ls), I, ams, Pa, I, and PGA.
Similar to the far-field case, SSI does not significantly alter the ranking of correlation mag-
nitudes. Compared with far-field motions, near-fault records exhibit reduced correlations
for PGA, which also weakens the correlation of Ia. In contrast, energy-related IMs (e.g., ars
and as(ls)) exhibit the highest correlations with structural responses due to their ability to
capture the concentrated energy and pulse characteristics of near-fault ground motions.
Averaged parameters such as Pa and arms also show improved performance under near-
fault conditions.
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Figure 6. Scatter plots of acceleration-based IMs against MIDR under near-fault ground motions.

Overall, acceleration-based IMs generally show weak correlations with long-period
structural responses, regardless of ground motion type. This is mainly due to spectral
mismatch between acceleration-based measures and displacement-based demand in long-
period systems, as well as the inability of instantaneous or partially averaged acceleration
measures to capture the non-stationary characteristics of seismic excitations. Energy-re-
lated IMs provide better performance because they incorporate cumulative motion char-
acteristics that are more consistent with structural demand evolution.

3.3.2. Velocity-Based Intensity Measures

Figure 7 presents scatter plots of velocity-based intensity measures versus MIDR for
four structural models under far-field ground motions. The Pearson correlation coefficient
(R) is reported in each subplot (see figure captions). Under far-field motions, all velocity-
based IMs, with the exception of PD, including IF, vrs, PGV, vs, I, Pv, vrms, and S, system-
atically exhibit higher correlations with MIDR than acceleration-based measures. This ob-
servation is consistent with previous studies showing that velocity-type parameters, such
as PGV, perform better in predicting the response of medium- to long-period structures.
This further confirms that, for the long-period structure considered herein, displacement
demand is primarily governed by the velocity component of ground motion.

Rigid SS1 Hard

SSI_Neutral SSI_Soft

0.025

0.020

0.015

0.010

0.005

R=0916

N R=0916 R=0917 R=0926

0.000 L L L L L ful L L L L a L L L L L
02 04 0.6 08 1.0 12 02 04 0.6 08 1.0 12 02 04 0.6 08 1.0 12 02 04 0.6 08 1.0 12
PGV PGV PGV PGV
Rigid SSI_Hard SSI_Neutral SSI_Soft
0.03 T T T T - T T T T
R=0.916 R=0.915 R=0.914 R=0.907
002 r 1
° ° °
g o
g 001 o © P e 1 e
i K | [ | |
. o © ’ P o ® f. °
0.00 L L L L L L L L L L L
0.1 0.6 1.4 21 28 0.1 0.6 1.4 21 28 0.1 0.6 1.4 21 28 0.1 0.6 1.4 21 28
v_sq v_sq v_sq v_sq

https://doi.org/10.3390/buildings16132571



Buildings 2026, 16, 2571 14 of 23

SSI_Hard SSI_Neutral

SSI_Soft
R=0.936 ° R=0936 g R=0936 . R=0932

0.025
0.020

0015

MIDR

0.010

0.005

025 050 075 100 125 150 025 050 075 100 125 150 025 050 075 100 125 150

vrs vrs vrs
SSI_Hard SSI_Neutral SSI_Soft
! "R-0001 ! ! . "R=-0908 ! ! !
B
0025
0020
-3
2 0015
=
0010
0005
000 002 004 006 005 Gl0 000 002 004 006 008 010 000 002 004 006 005 010 000 002 004 006 008 010
P P P Pv
003 Rigid SSI_Hard SSI_Neutral SSI_Soft
) ! ' R=0.853 : ! R=0.854 ! ' R=0.855 ' ! R=0.806
002 b r b r 1 r y
° ° °
g 0.01 °
s o ° o ¢ o ° e ©
- ° :l‘ ° :8’ o S8° o 30°
: Ry X Ky 7 % XY o Fopn
%90 ®80 ‘o.. 0,
£ 5 ¥ (. Fo
0.00 L . L L L L L . L 1 L L
0.0 0.1 02 02 03 00 0.1 02 02 03 00 0.1 02 02 03 00 0.1 02 02 03
v_rms v_rms v_rms v_rms
SSI_Neutral SSI_Soft
P - v . . .
0025
0020
-9
S 0015
=
0010
0005
0.000
05
0025
0020
9
2 0015
=
0010
0005
0000 =55 1.0 L5 70 25 05 T0 15 20 25 05 m L5 20 25 05 1.0 15 70 25
If If If If
Rigid SSI_Hard SSI_Neutral SSI_Soft
0.03 T T T T T T T T
R=0.586 R=0.586 R=0.588 R=0.605
002 1 r 1 r 1 r 1
°
°
L P § L . ]
° ° ‘.:' ° ° ©0°
-vk\‘ . b .}63“ °
1 .. '. 1
0.0 1.4 21 28 00 0.7 1.4 21 28
SI SI

https://doi.org/10.3390/buildings16132571



Buildings 2026, 16, 2571

15 of 23

MIDR

008 Rigid SSI_Hard SSI_ Neutral SSI_Soft
o g R=0.177 L4 R=0.179 L4 ! R=0.182 o R=0.204
002 I 1
° ° °
o °
a - - 4
S a0l ° . ° . ° L ° °
° . o ° e, ° ® &, *le o ° ® 4, 0 4 ° ® o o0 ° o e
001 - H E L go
o8 ‘o Qe 8 %o gee ° o o °o
° ° ° ° ° ° ° °
0.00 L s | L L s s L L s L L
0.0 0.1 0.1 0.2 03 0.0 0.1 0.1 0.2 03 0.0 0.1 0.1 0.2 03 0.0 0.1 0.1 02 03
PD PD PD PD

0.035

0.030

0.020

0015

0.010

0.005

Rigid

Figure 7. Scatter plots of velocity-based IMs against MIDR under far-field ground motions.

A key finding is that global energy-based velocity measures (e.g., vs; and vrs) exhibit
higher correlations with MIDR than local average-based parameters (e.g., Pv and vrms).
This behavior is attributed to the energy distribution characteristics of far-field motions,
which typically exhibit longer durations and a more gradual energy release process. The
nonlinear structural response is therefore governed by cumulative energy accumulation
over multiple loading cycles. As a result, global measures representing total input energy
are more strongly correlated with peak displacement than local time-window-based
measures.

In addition, for velocity-based intensity measures that show relatively strong linear
relationships with structural response —such as IF, Iv, PGV, Pv, and v_rs—linear regres-
sion trend lines were fitted in the scatter plots to further illustrate their predictive capabil-
ity. These fitted trends visually confirm the approximate linear dependence between these
IMs and MIDR, particularly for PGV and energy-related velocity parameters, reinforcing
their suitability as effective predictors of seismic demand.

The correlation between SI and MIDR remains relatively low under far-field motions,
primarily due to a period mismatch. SI is defined as the integral of the pseudo-relative
velocity spectrum over 0.1-2.5 s, whereas the studied structure has a fundamental period
exceeding 3 s, which further increases when SSI effects are considered. Consequently, SI
does not fully capture the dominant frequency range of the structural response, thereby
limiting its predictive capability. However, the correlation between SI and MIDR in-
creases as soil conditions transition from dense to soft soil. Since the fundamental period
of the structure exceeds the upper bound of the conventional SI integration range, the
relatively low correlation of SI is mainly attributed to period-range mismatch. The slight
change in SI correlation under different soil conditions may reflect indirect record-to-rec-
ord covariance between short-to-medium-period spectral energy and long-period de-
mand, rather than a direct period-matching effect.

Figure 8 presents scatter plots of velocity-based IMs versus MIDR for four structural
models under near-fault ground motions. The Pearson correlation coefficient (R) is shown
in each subplot (see figure captions). The fault mechanism significantly affects both the
magnitude and ranking of correlations between velocity-based IMs and structural re-
sponses.
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Figure 8. Scatter plots of velocity-based IMs against MIDR under near-fault ground motions.

A key finding is that, compared with far-field motions, the correlation ranking is sig-
nificantly altered: local average-based parameters (e.g., Po and vrms) exhibit higher correla-
tions with MIDR than global energy-based parameters (e.g., vs; and vss). This behavior is
primarily attributed to the distinct energy concentration and damage mechanisms of near-
fault ground motions. Some near-fault records may contain high-amplitude velocity
pulses or concentrated energy release, in which energy is concentrated within a short du-
ration. The structural peak response is therefore governed by a few dominant pulse cycles.
In this case, local average-based parameters better capture the effective pulse intensity,
whereas global energy-based measures include non-critical post-pulse energy, thereby re-
ducing their correlation with peak response.

In summary, although velocity-based IMs generally perform better for long-period
structures, their optimal form depends strongly on the ground motion mechanism. For
near-fault motions, local intensity measures are more effective, providing a refined basis
for IM selection in performance-based seismic design. The correlation between SI and
MIDR remains low, consistent with the far-field case, due to the same period-mismatch
issue. A slight increase in SI correlation is observed under softer soil conditions, likely due
to SSI-induced period elongation and increased energy contributions in lower-frequency
ranges.

3.3.3. Displacement-Based Intensity Measures

Figure 9 presents scatter plots of displacement-based intensity measures versus
MIDR for four structural models under far-field ground motions. The Pearson correlation
coefficient (R) is reported in each subplot (see figure captions). Under far-field motions,
the ranking of correlation magnitude between displacement-based IMs and MIDR is
clearly influenced by soil conditions. For soft soil sites, the ranking is: PGD > Is > dsq > drs >
Pa> drs. For neutral soil conditions, the hierarchy slightly shifts to: Is > PGD > ds; > drs > Pa >
rms.
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Figure 9. Scatter plots of displacement-based IMs against MIDR under far-field ground motions.
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A notable trend is that the correlation between PGD and structural response increases
progressively as soil becomes softer, indicating its enhanced sensitivity to foundation
compliance under far-field excitations. In contrast, ds; exhibits a decreasing trend with in-
creasing soil softness, suggesting reduced effectiveness in capturing displacement de-
mand under highly deformable soil conditions. Although Ps and drms show moderate im-
provement under softer soil conditions, Id demonstrates a reduction in correlation with
MIDR as soil flexibility increases. These results highlight that, even under far-field condi-
tions, displacement-based IMs exhibit pronounced soil dependency, reflecting the influ-
ence of SSI in modifying the relative contributions of peak and accumulated displacement-
related quantities.

Figure 10 presents scatter plots of displacement-based intensity measures versus
MIDR for four structural models under near-fault ground motions. The Pearson correla-
tion coefficient (R) is reported in each subplot (see figure captions). Compared with far-
field ground motions (Figure 9), near-fault motions exhibit markedly different soil-de-
pendent correlation patterns for displacement-based IMs. Under near-fault motions, the
correlation structure is significantly altered, reflecting the strong influence of pulse-like
characteristics and energy concentration effects.
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Figure 10. Scatter plots of displacement-based IMs against MIDR under near-fault ground motions.

For soft soil sites, the ranking becomes: PGD > li > dyms > drs > Pa > dsq, whereas for the
remaining soil conditions, it shifts to: PGD > drms > ¢ > drs > Pa > ds. In contrast to the far-
field case, the correlation between PGD and MIDR decreases progressively with soil sof-
tening, indicating that foundation compliance under pulse-like excitation does not neces-
sarily enhance its predictive capability. Similarly, most displacement-based parameters—
including dsq, drs, P4, and drns—exhibit an overall decreasing trend with increasing soil soft-
ness. This behavior is particularly pronounced for dms, whose sensitivity to soil compli-
ance is opposite to that observed under far-field motions. Consistent with the far-field
results, I also shows a reduction in correlation as soil flexibility increases.

Overall, these results suggest that near-fault ground motions may alter the soil-de-
pendent correlation patterns of displacement-based IMs, especially when pulse-like com-
ponents or concentrated long-period energy are present. Under such conditions, SSI ef-
fects may interact with near-fault ground motion characteristics, causing peak- and en-
ergy-related displacement measures to exhibit different correlation trends from those ob-
served under far-field motions.

4. Conclusions

Based on a comprehensive correlation analysis between ground motion parameters
and structural responses, with explicit consideration of SSI effects, the following principal
conclusions are drawn, categorized by IM type:

(1) Acceleration-based IMs: The relative correlations of acceleration-based IMs with
displacement demand remain largely unaffected by the inclusion of SSI effects. However,
for the long-period structure investigated herein, their absolute correlation with MIDR is
generally low. This finding confirms the inherent spectral mismatch of acceleration-dom-
inated parameters for such systems. Although SSI further elongates the fundamental pe-
riod of the structure, it does not mitigate this fundamental limitation.

(2) Velocity-based IMs: Velocity-based IMs generally exhibited higher correlations
with MIDR than acceleration-based IMs for the long-period structure investigated in this
study, indicating that velocity-related ground motion characteristics are more closely as-
sociated with displacement demand under the considered SSI conditions. Nevertheless,
the relative correlation performance of velocity-based IMs is influenced by the combined
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effects of SSI and ground motion type. Under far-field motions, global energy-accumula-
tion parameters (e.g., vs and vrs) exhibit higher correlations, as SSI often accentuates cu-
mulative damage mechanisms. Under near-fault pulse-type motions, local average-inten-
sity parameters (e.g., Py, vrns) become highly effective, because the flexible foundation in-
teracts with the concentrated pulse energy. Moreover, the performance of specific param-
eters such as SI is highly sensitive to period-range mismatch, a limitation significantly
exacerbated by SSI-induced period elongation.

(3) Displacement-based IMs: The correlation patterns of displacement-based param-
eters are most significantly affected by the combined effect of SSI and ground motion type.
Notably, the influence of varying soil conditions (a primary driver of SSI) on these corre-
lations differs fundamentally between far-field and near-fault scenarios. For instance, the
correlation of PGD with structural response increases with softer soil under far-field mo-
tions but decreases under near-fault motions. This reversal highlights that the influence
of SSI is not universal; rather, it is coupled with the frequency content and energy distri-
bution of the input ground motion.

In summary, SSI modifies the IM-EDP correlation patterns in an IM-dependent man-
ner. Its influence is relatively limited for acceleration-based IM rankings and for many
velocity-based IMs, but becomes more evident for displacement-based IMs, particularly
under soft-soil and near-fault ground motion conditions. The effect of SSI is therefore not
merely a uniform scaling of response amplitude; rather, foundation flexibility may act as
a dynamic filter that changes the relative importance of different ground motion features,
such as cumulative energy and peak instantaneous intensity, depending on both the soil
profile and the ground motion type. Accordingly, the results suggest that SSI effects
should be considered when interpreting IM-EDP correlations and when screening candi-
date IMs for performance-based seismic assessment, especially for long-period structures
supported by flexible soil profiles. This recommendation should be understood within the
scope of the linear-elastic lumped-parameter SSI model adopted in this study.
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